Abstract: The evolution of multicellular organisms was made possible by the evolution of underlying gene regulatory networks. In animals, the core of gene regulatory networks consists of kernels, stable subnetworks of transcription factors that are highly conserved in distantly related species. However, in plants it is not clear when and how kernels evolved. We show here that RSL (ROOT HAIR DEFECTIVE SIX-LIKE) transcription factors form an ancient land plant kernel controlling caulonema differentiation in the moss Physcomitrella patens and root hair development in the flowering plant Arabidopsis thaliana. Phylogenetic analyses suggest that RSL proteins evolved in aquatic charophyte algae or in early land plants, and have been conserved throughout land plant radiation. Genetic and transcriptional analyses in loss of function A. thaliana and P. patens mutants suggest that the transcriptional interactions in the RSL kernel were remodeled and became more hierarchical during the evolution of vascular plants. We predict that other gene regulatory networks that control development in derived groups of plants may have originated in the earliest land plants or in their ancestors, the Charophycean algae. 
Introduction
The development of multicellular organisms is controlled by gene regulatory networks (GRNs) and the reorganisation of GRN architecture is thought to be a major factor underlying morphological evolution (1) (2) (3) (4) (5) . GRN are hierarchic and modular structures where four major component classes can be identified (3) : at the periphery of GRNs are differentiation gene batteries encoding proteins that execute cell type--specific functions (such as building a pigmented cell); upstream of these batteries are switches that allow or prevent subcircuits to function in specific developmental contexts, and 'plug--ins', small subcircuits that are flexibly and repeatedly used during development (such as signal transduction pathways); at the core of GRNs are kernels, small conserved subcircuits that execute specific developmental functions (such as defining spatial patterns in an embryo). Kernels are comprised of transcription factors that are highly conserved in distantly related species and are unusually stable components of GRNs.
Ancient kernels that regulate body plan and organ development are highly conserved among diverse groups of metazoans (animals) (6) (7) (8) (9) (10) . By contrast, the core components of plant GRNs are difficult to identify because of the dynamic nature of plant genome evolution and the plastic character of plant development. Floral homeotic genes form a relatively recent kernel controlling flower development (11) . Homologues of KNOX and LEAFY transcription factors control shoot development in vascular plants and sporophyte development in mosses (12) (13) (14) (15) .
KNOX/BEL genes also control the development of the diploid phase in unicellular chlorophytes (16) and the haploid--to--diploid transition in mosses (15) , suggesting that KNOX and LEAFY genes may be core members of ancient GRNs that control diploid development in plants. Auxin signalling (17, 18) , ethylene perception (19), abscisic acid signalling (20) and several small RNAs are conserved between mosses and flowering plants (21, 22) , suggesting that many switches and plugins of land plant GRNs have been conserved since before the evolution of vascular plants over 440 million years ago. However, the architecture and evolutionary history of these hypothetical ancient GRN kernels is mostly unknown.
In the angiosperm Arabidopsis thaliana, root hair development is controlled by the bHLH transcription factors AtRHD6 (Arabidopsis thaliana ROOT HAIR DEFECTIVE 6) and AtRSL1 (A.
thaliana RHD SIX--LIKE 1); their homologues in the moss Physcomitrella patens, PpRSL1 and PpRSL2, control the development of filamentous rooting structures: caulonema and rhizoids (23) (24) (25) . This suggests that RSL genes belong to an ancient land plant GRN that controls the differentiation of cells with a rooting function. In A. thaliana, AtRHD6 was also found to form a transcriptional mechanism with two other bHLH transcription factors, AtRSL2 and AtRSL4 (26).
Here we test the hypothesis that the RSL mechanism is an ancient land plant kernel. We show that RSL genes form a transcriptional network that controls root hair development in A.
thaliana and protonema development in P. patens. RSL genes form two ancient lineages that
evolved in charophyte algae or in the first land plants and have been conserved during land plant evolution. Functional and expression analysis of the RSL genes in A. thaliana and in P.
patens indicate that the two lineages form a transcriptional regulatory network in both species. Together, our results suggest that the RSL genes form a kernel that evolved over 450 million years ago and was recruited to control the development of root hairs during the evolution of vascular plants.
Results
The RSL network controls root hair development in A. thaliana
The differentiation of root hairs in A. thaliana is controlled by a regulatory mechanism that comprises the bHLH transcription factors AtRHD6, AtRSL1, AtRSL2 and AtRSL4: no root hairs differentiate in Atrhd6 Atrsl1 or in Atrsl2 Atrsl4 double mutants (23, 26) and the transcription of AtRSL2 and AtRSL4 is positively regulated by AtRHD6 and AtRSL1 (26). These four genes belong to a phylogenetic group that also includes AtRSL3 and AtRSL5 (Fig. 1B) . To determine if AtRSL3 and AtRSL5 also control root hair development, we characterised the phenotypes of Atrsl3, Atrsl5 and Atrsl2 Atrsl3 mutants. Root hairs of Atrsl3 and Atrsl5 single mutants were indistinguishable from wild type, but the root hairs of Atrsl2 Atrsl3 were shorter than in Atrsl2 single mutants (Fig.  1A) . Furthermore, the constitutive expression of AtRSL3 or AtRSL5 in the hairless Atrsl2 Atrsl4 double mutant background could partially restore root hair development (Fig. S1 ). Together, these data indicate that each of the six A. thaliana RSL genes positively regulate root hair development. AtRHD6 and AtRSL1 genes were expressed early in the development of trichoblasts (the epidermal cells that give rise to root hair cells), but the expression disappeared before root hairs initiate (23) (Fig.  1C) . In contrast, AtRSL2 and AtRSL4 were expressed later, specifically during root hair growth (26) (Fig. 1C) . Since AtRSL3 and AtRSL5 also control root hair growth, we hypothesised that they would be expressed while root hairs elongate. Accordingly, AtRSL3:GFP and AtRSL5:GFP protein fusions expressed under the control of their respective native promoters accumulated in the nuclei of trichoblasts during root hair growth (Fig. 1C) . Together, this indicates that AtRHD6 and AtRSL1 act earlier in root hair development than AtRSL2, AtRSL3, AtRSL4 and AtRSL5. Together, these results suggest that all six RSL genes are components of a transcriptional network that controls root hair development in A. thaliana.
RSL class I and class II genes were present in early land plants
We hypothesised that RSL genes form a GRN kernel that is present in other land plants. To trace the evolutionary history of the RSL regulatory network and define the diversity of RSL genes in plants, we identified and retrieved RSL sequences from 12 different plant genomes. RSL proteins are characterised by a conserved C--terminal region, which includes a bHLH domain that extends into a conserved stretch of 14 amino acids, the RSL domain ( Fig. 2A) .
Maximum likelihood phylogenetic analyses using RSL sequences from different species show that RSL proteins form two distinct and ancient phylogenetic clades, which we named RSL class I and RSL class II (Fig. 2B and Fig. S2 ; subfamilies VIIIc(1) and VIIIc(2) in (27). We found both RSL classes in all species of land plants for which a complete genomic sequence is available, including mosses, lycophytes, eudicots and monocots (Fig. 2C ), but we did not find RSL sequences in chlorophyte algae. This indicates that, like most other plant bHLH subfamilies RSL class I genes, we would expect that the chloronema--to--caulonema transition would also be defective in RSL class II mutants. To test this hypothesis, we generated P. patens plants that lack the function of single or paralogous pairs of RSL class II genes. Pprsl3 Pprsl4 double mutants developed small and very dense protonemata composed predominantly of chloronema cells (Fig.  3) , indicating that the chloronema--to--caulonema transition is defective.
Unlike the Pprsl1 Pprsl2 RSL class I double mutant, however, Pprsl3 Pprsl4 plants developed a few normal caulonema filaments. The cells in these filaments were morphologically identical to the cells of WT caulonema (Fig.  S3) , confirming that the phenotype of Pprsl3 Pprsl4 double mutants was caused by a reduction in the proportion of cells that undergo the chloronema--to--caulonema transition and not by a general protonema growth defect. Pprsl3, Pprsl4, Pprsl5 and Pprsl6 single mutants and Pprsl5 Pprsl6 double mutants were phenotypically similar to WT protonemata ( Fig.  3) . We then constitutively expressed PpRSL3 and PpRSL4 under the control of the CaMV 35S promoter. 35S:PpRSL3 plants were slightly smaller than WT and there was a strong reduction of caulonema development in 35S:PpRSL4 plants, which caused the development of very dense chloronema--rich protonemata (Fig.  3) . These results indicate that ectopic expression or loss of function of PpRSL3 and PpRSL4 disrupts the chloronema--to--caulonema transition. Together, these data indicate that both RSL class I and class II genes control the chloronema--to--caulonema transition in the protonemata of P. patens, supporting the hypothesis that there is a functional RSL network in mosses. (Fig. 4B ). The levels of each RSL mRNA are also similar in WT, Pprsl3 Pprsl4 and Pprsl5 Pprsl6 double mutants (Fig.  4B ). This indicates that the expression of the different P. patens RSL genes is largely independent of the activity of other RSL proteins. Together, these results show that there are multi--level regulatory interactions between different RSL genes in A. thaliana, but fewer regulatory interactions between the P.
The RSL networks have different topologies in

patens RSL genes.
We also investigated the regulation of the RSL network by auxin, a key positive regulator of root hair development in angiosperms and the chloronema--to--caulonema transition in mosses (18, (32) (33) (34) . Auxin positively regulates the expression of RSL class I genes in P. patens (24) (Fig.   4E ) but had no effect on the expression of the A. thaliana RSL class I genes (Fig. 4D) . However, the expression of RSL class II genes is highly responsive to auxin in both species. Exogenous auxin treatment increased the levels of AtRSL4 and AtRSL5 and reduced the levels of AtRSL2 and AtRSL3 mRNA in A. thaliana compared with untreated plants (Fig. 4D ) (26). At low concentrations, exogenous auxin moderately increased the levels of all RSL class II mRNAs, whereas at higher concentrations it further increased the expression of PpRSL6 and decreased the levels of PpRSL3 (Fig. 4E ). This means that auxin dynamically and strongly regulates the expression of RSL class II genes in both A. thaliana and P. patens. To confirm that endogenous auxin signalling modulates RSL gene expression, we compared RSL mRNA levels between wild type P. patens and aux/iaa mutants. Aux/IAA proteins are transcriptional repressors that mediate auxin signalling in land plants; a set of aux/iaa P. patens mutants are auxin--resistant and display a delay or arrest in the chloronema--to--caulonema transition similar to the phenotypes observed in Pprsl mutants (18, 35) . In two of these aux/iaa mutants (Ppiaa1A--113 and Ppiaa2--183), the mRNA levels of RSL class II genes was lower than in WT plants (Fig.  4C ).
Interestingly, a third aux/iaa mutant (Ppiaa1B--112) showed an inverse change in the levels of PpRSL3 and PpRSL4, confirming our observation that auxin has a dynamic effect on the expression of RSL class II genes. Together these data demonstrate that auxin modulates the expression of RSL genes in P. patens.
We observed that the auxin--induced changes in the mRNA levels of AtRSL4, AtRSL5, PpRSL3, PpRSL5 and PpRSL6 were much larger in the Atrhd6 Atrsl1 and Pprsl1 Pprsl2 double mutants than in wild type ( Fig. 4D and F) . This indicates that RSL class I proteins negatively regulate the transcriptional responses of these RSL class II genes to auxin. Conversely, while levels of AtRSL2 and AtRSL3 mRNAs decreased upon auxin treatment in WT plants, they increased upon auxin treatment in Atrhd6 Atrsl1 double mutants (Fig. 4A and D) . This indicates that RSL class I proteins are required for the auxin--induced repression of AtRSL2 and AtRSL3 in A. thaliana.
The increase in steady state mRNA levels of AtRSL2 and AtRSL3 in auxin treated Atrhd6 Atrsl1 double mutants is caused by the activity of AtRSL4; these genes were not induced when the Atrhd6 Atrsl1 Atrsl4 triple mutant was treated with auxin ( Fig. 4D ). Together these data indicate that RSL class I proteins modulate the transcriptional responses of RSL class II genes to auxin.
These positive and negative interactions between RSL genes can be incorporated into a regulatory network with numerous feedforward loops, where auxin and RSL class I genes assume a central role in regulating the expression of RSL class II genes ( Fig. 4G and H) . The many differences in the A. thaliana and P. patens RSL network architecture demonstrate that extensive rearrangements of these regulatory networks have occurred since mosses and angiosperms last shared a common ancestor. A fundamental difference in the networks between the two species is that while the expression of individual RSL genes in P. patens is largely independent of the activity of other RSL proteins, the A. thaliana network is more hierarchical with both RSL class I and RSL class II proteins regulating the expression of RSL class II genes .
Discussion
Our functional and phylogenetic analyses suggest that RSL class I and class II transcription factors form a GRN kernel that evolved in the common ancestors of mosses and vascular plants (Fig. 5) . The RSL kernel likely evolved as a mechanism controlling cell--type transitions in aquatic charophyte algae or in the earliest land plants. After the divergence of mosses from other land plants, the RSL kernel controlled the differentiation of multicellular filamentous structures in mosses and was recruited to regulate the development of cellular projections from root epidermal cells (root hairs) in vascular plants. The architecture of the RSL kernel has changed since this divergence and became more hierarchical in the lineage that gave rise to A. thaliana than in the lineage that gave rise to P. patens. An alternative possibility is that the RSL kernel was already hierarchical in the first land plants and became reduced in the lineage that gave rise to modern mosses or, less likely, the RSL network evolved entirely independently in the two lineages.
Our expression analyses suggest that a close interaction of the RSL kernel with an auxin signalling 'plug--in' is a key structural feature of both the P. patens and A. thaliana GRNs (Fig.   4) . Auxin is an important regulator of both protonema and root hair development and operates by regulating the expression of genes in the RSL network in both species. It is possible that other components of the higher--level GRN to which the RSL kernel belongs are partially conserved between mosses and angiosperms. We predict that there may be an overlap between the downstream differentiation gene batteries in both species. In A. thaliana, the RSL GRN regulates the transcription of a suite of genes that encode proteins involved in cell wall synthesis and modification, such as expansins, extensins and peroxidases (26, 36). Therefore we hypothesise that the RSL GRN controls the expansion of the root hair cell by regulating the expression of these growth effector proteins in root hairs. Given the conservation of elements of the RSL GRN among mosses and seed plants, it is conceivable that homologues of some of these effector proteins are required for the chloronema--to--caulonema transition in mosses.
That is, the RSL GRN in P. patens may control the expression of growth effectors as in the root hair of A. thaliana. If this is the case, it raises interesting questions about how these different GRN components were recruited and re--assembled from the gametophyte to the sporophyte generation during the evolution of vascular plants.
The antiquity of the RSL kernel suggests that other plant regulatory networks may be derived from conserved GRN kernels that existed in the first land plants, almost 500 million years ago.
Signalling pathways that can act as plugins of GRNs are conserved across land plants (18-20).
Transcription factors such as KNOX/BEL and LEAFY proteins are conserved across plants (12) (13) (14) (15) (16) 37 ), but the networks in which these genes participate have not yet been described in early diverging groups of land plants. We predict that KNOX/BEL and LEAFY are also components of other plant kernels that control sporophyte development. If our hypotheses are correct, then the recruitment and modification of pre--Cambrian and/or Early Paleozoic gene regulatory networks were important evolutionary mechanisms in multicellular plants. This could have driven the generation of novel cell types and increased morphological diversity that occurred during the radiation of plants on land.
Materials and methods
The Columbia--0 (Col--0) wild type ecotype of Arabidopsis thaliana and the Gransden wild--type strain of Physcomitrella patens (Hedw.) Bruch and Schimp were used in this study. The lines 
SI methods
Growth conditions
Arabidopsis thaliana seeds were sterilized in 5% bleach for 5 min and washed with sterilized water for 3 times. Seeds were sown in Petri--dishes containing sterilized media, Murashige and Skoog (MS) basal salt pH 5.7, 1% sucrose and 0.5% phytagel (Sigma, UK). Prior to germination, seeds were stratified at 4 o C for 4 days. The plants were grown vertically in the growth room with continual light at 25 o C. For auxin treatment, the seeds were geminated on the media described above but included 100 nM 1--naphthaleneacetic acid (NAA) and allowed to grow for 4 days. Moss spores were sterilized with 5% sodium hypochlorite for 10 min, washed five times with sterile water and stored at 4°C for several weeks. They were cultured under sterile conditions on minimal medium solidified with 0.8% agar [1] , at 25°C with a 16 hours light/8
hours dark regime and a quantum irradiance of 40 µE m --2 s --1 . For the NAA treatments, spores were grown on minimal medium overlaid with cellophane disks for two weeks, after which the cellophane disks with protonema were transferred to media supplemented with 1μM NAA and incubated for a further week.
Constructs and plant transformation
The multisite gateway system was used to generate AtRSL3 and AtRSL5 GFP fusion vectors following the previously described procedure [2] . The primers used for the constructs were: CGCGGATCCTTAAATAAGCCGAGACAAAAGATT for AtRSL5. The PCR fragments were digested with KpnI and BamHI, and cloned into the KpnI--BamHI sites of a modified pCambia1300
plasmid [2] . For the constitutive expression of moss genes in Arabidopsis, the coding sequences of PpRSL3, PpRSL4, PpRSL5 and PpRSL6 were amplified by RT--PCR and subcloned in pGEM--T Easy (Promega). A SmaI--PpRSL3--XhoI fragment was cloned into the EcoICRI--SalI sites of a modified pCambia1300 plasmid [2] , generating the binary vector p35S:PpRSL3. A KpnI--PpRSL4--SalI fragment, a BamHI--PpRSL5--SalI fragment and a KpnI--PpRSL6--PstI fragment were cloned into the respective sites in the modified pCambia1300, generating the binary vectors p35S:PpRSL4, p35S:PpRSL5 and p35S:PpRSL6, respectively. All the binary vectors were transferred into the Agrobacterium strain GV3101. Arabidopsis plants were transformed using the floral dip method [3] . Transformants were selected on MS and agar plates containing 25 μg.ml --1 hygromycin.
Physcomitrella knockout mutants were obtained by homologous recombination. The structure of each locus is shown in Fig. S4 . Moss protoplast isolation and polyethylene glycol--mediated transformation were performed as described previously [5] . Selection for antibiotic--resistant transformants was done using 50 μg.ml --1 G418 disulfate, 25 μg.ml --1 hygromycin B or 50 μg.ml --1 zeocin (Invitrogen). Stable transformants were confirmed by PCR and Southern blot. Primers used for these PCRs were:
For Southern blots analysis, genomic DNA was extracted using the Nucleon Phytopure Genomic DNA Extraction Kit (GE Healthcare) and 1 µg DNA was digested overnight with 100U of the appropriate restriction enzyme. After electrophoresis, the DNA was transferred to a positively charged nylon membrane. Hybridization and detection were performed as described in the Roche DIG Application Manual: using PCR DIG Probe Synthesis 
Sequence retrieval and phylogenetic analyses
An initial alignment of conserved amino acid sequences from RSL class I and RSL class II proteins [6] was used to build an RSL specific pHMM with the program hmmbuild [7] . This pHMM was used to identify RSL coding sequences with the program hmmsearch [7] in the gene model databases of Brachypodium distachyon [8] , Chlamydomonas reinhardtii v4.0 [9] , Mimulus guttatus v1.0, Physcomitrella patens [10] , Populus trichocarpa v1.1 [11] , Sorghum bicolor [12] and Selaginella moellendorffii v1.0 [13] from the DOE Joint Genome Institute Table S1 . RSL sequences used for the phylogenetic analyses.
